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SUMMARY

A flight investigation of a rocket-powered model was conducted to

study the heat transfer to wing leading edges in the vicinity of their

Juncture with a cylindrical body. Heat-transfer data were obtained on

leading edges of 3_-inch d_ameter at sweep angles of 0° and 79 °, Mach
4

numbers from 1.90 to 3.07, and Reynolds numbers based on leading-edge

diameter from 8.09 x lO 5 to ll.80 x lO 5. The measured heating rates of

both the 0° and 75 ° swept leading edges were of the magnitude predicted

by turbulent theory rather than by laminar theory. It is believed that

the high level of heating observed on the leading edges was due to the

influence of conditions existing in the turbulent boundary layer of the

body. Comparison of the average measured heating on the cylindrical

portions of both the swept and unswept leading edges indicates that the

heating of the unswept segment was generally about twice that of the

swept segment.

INTRODUCTION

As a result of current interest in the flight of aircraft at both

supersonic and hypersonic speeds, considerable research, both theoretical

and experimental, has been stimulated in the problem of the aerodynamic

heating of wing leading edges. (See, for example, refs. 1 to 6.) The

experimental data of references 4 and 5, which deal with the effect of

sweep on leadiD_-edge heating, were obtained at relatively low values

of stream Reynolds number and the results were shown to be generally in

good agreement with theories for a laminar boundary layer. The experi-

ments of reference 6 which were conducted at considerably larger values

of stream Reynolds number, however, indicated large increases in heat

transfer with increase in yaw angle which, apparently, were caused by

transition from laminar to turbulent boundary layer.

iSupersedes NACA Research Memorandum L58A13 by Robert L. O'Neal

and Aleck C. Bond, 1958.
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As part of the effort to provide further insight into the problem
of aerodyr_c heating of wing leading edges at conditions of high speed
and large Reynolds numbers, a rocket-powered-model test was conducted
at the Langley Pilotless Aircraft Research Station at Wallops Island,
Va. for the purpose of measuring the heat transfer to swept and unswept
blunt leading edges. Measurementswere made in the vicinity of the
wing-body Juncture where the aerodynamic heating is critical. Leading-
edge segmentsof sufficient diameter to give Reynolds numbersrepresenta-
tive of full scale and to allow measurementsof local heating were uti-
lized. Heat-transfer data were obtained on wing segmentshaving cylln-

drlcal leading edges of _-inch diameter and sweepangles of 0° and 75°

for a Machnumberrange from 1.90 to 3.07 and Reynolds numberbased on
leading-edge diameter from 8.05 X lO9 to ll.80 × lO9.

SYMBOLS
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A area, sq ft

Cp

C

Cp

Cw

D

g

h

h

k

M

NSt

pressure coefficient,
PI - P==

O. 7P_M 2

distance along chord, perpendicular to leading edge, in.

specific heat of air at constant pressure, Btu/lb-°F

specific heat of wall material, Btu/lb-°F

leading-edge diameter, ft

gravitational constant, 32.2 ft/sec 2

local aerodynamic heat-transfer coefficient, Btu/(sq ft)(sec)(°F)

average local aerodynamic heat-transfer coefficient,

_ul(sq _)(sec)(_)

thermal conductivity of wall material, Btu-ft/(sq ft)(sec)(°F)

Mach number

Stanton number, h/gcpp V
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NSt

P

Npr

Q

q

R D

S

T

t

V

A

¢

T

average Stanton number, _/gCpO_V_

pressure, ib/sq ft

Prandtl number

quantity of heat per unit time, Btu/sec

heating rate, Btu/(sq ft)(sec)

Reynolds n_nber based on leading-edge diameter and free-stream

conditions

distance measured along segment wall perpendicular to leading

edge, ft

temperature, OF

time, sec

velocity, ft/sec

leading-edge sweep angle, deg

azimuth angle measured from forward stagnation point perpen-

dicular to leading edge, deg (see figs. 3 and 4)

density of air, slugs/cu ft

density of wall material, ib/cu ft

thickness of wall, ft

Subscripts:

aw

N

S

T

t

adiabatic wall

local conditions Just outside boundary layer

normal component

outside surface of wall

tangential component

stagnation conditions
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W wall conditions

undisturbed free stream ahead of model

MODEL, INSTRUMENTATION, AND TEST

The vehicle employed for the test was a body of revolution con-

sisting of an ogive-cylinder-flare configuration. Four small wing seg-

ments representing portions of the leading edges of 0° and 79 ° swept

wings were symmetrically mounted 90 ° apart at zero incidence on the

cylindrical portion of the vehicle as shown in the sketch of figure 1

and photograph of figure 2.

The leading-edge segments had cylindrical leading edges of _- inch

diameter which became tangent to flat surfaces inclined at 4.27 ° to the

chord plane (see fig. 5). The wall thickness as measured with a microm-

eter at several locations on each leading-edge segment was found to be

0.0629 inch. A resin material was used to close off the tips and trailing

edges of the segments to protect the interior from the airstream. The

outside surface of each leading-edge segment was oxidized to provide a

surface with a stabilized emissivity. The surface roughness of the

oxidized surfaces was not measured; however, from previous experience it

is estimated that the roughness was of the order of 15 to 20 microinches.

One unswept segment and one swept leading-edge segment were provided

with chromel-alumel thermocouples spotwelded to the inside surface of the

leading edges. Four temperature measurements were made on the unswept

segment and six on the swept segment with the thermocouples being located

as shown in figure 5. Local surface pressures were measured only on the

duplicate unswept segment and the orifices were located as shown in

figure 4.

The test vehicle was instrumented with an NACA eight-channel telem-

eter which transmitted leading-edge temperature and pressure data and

vehicle acceleration data to a ground receiving station. Details of the

thermocouple telemetering technique employed may be found in reference 7-

Other instrumentation included a CW Doppler radar which provided

measurements of model velocity and an NACA modified SCR-_84 radar which

provided data for obtaining the position of the model in space. Atmos-

pheric data and wind conditions were determined by means of a radiosonde
launched near the time of flight and tracked by a Rawin set AN/GMD-1A.

!

kO
-4
O
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The test vehicle and boosters are shown on the launcher in figure 5.

The propulsion system consisted of three stages of solid-propellant rocket

motors. The first stage was an M5 JATO rocket motor and the second and

third stages were JATO, 6-KS-3000, T40 and JATO, 1.3-KS-4800, T-55 rocket

motors, respectively.

The propulsion system for the test had been selected to give a cal-

culated peak speed of about M = 7.5 occurring at an altitude of about

47,500 feet; however, because of model failure at the end of first-stage

burning, data were obtained only to a Mach number of 3.07 at a flight

time of 3.3 seconds. Time histories of stream static temperature and

pressure as determined from the radiosonde measurements for the model

trajectory are shown in figure 6 along with the calculated variation of

the flight stagnation temperature. The variation with time of flight

Mach number determined from the measured model velocity and the stream

Reynolds number based on the leading-edge diameter of 3/4 inch is shown

in figure 7. Accelerometer data indicated that the model angle of attack

was small (less than 0.50 ° ) during the period for which data are reported

and, hence, the effect of angle of attack was ignored in the reduction

and analysis of the data.

DATA REDUCTION

Local Flow Conditions

Local flow conditions existing Just outside the boundary layer on

the unswept leading-edge segment were calculated from measured pressure

data. Local pressures were measured in flight on the unswept leading-

edge segment at the locations indicated in figure 4 and are plotted as

pressure coefficients in figure 8. The measured values of local pres-

sure were used to obtain local Mach numbers and temperatures by assuming

isentropic expansion back from the stagnation point. The local condi-

tions for station C = 0.50 were assumed to be the same as those obtained

by this procedure for station C = 1.O0.

No pressure measurements were made in flight on the 75 ° swept

leading-edge segment; however, local pressures were calculated by use

of unswept-segment pressure data. This calculation was made by consid-

ering the airstream to be two components of flow, one tangential and

one normal to the leading edge of the swept segment. It was assumed

that pressures on the segment were not affected by the tangential com-

ponent of flow but were due entirely to the component of flow normal to

the leading edge. This normal component of flow was MN = M_ cos 75 ° .

It was also assumed that local pressure coefficients based on this normal

component of Mach number (and dynamic pressure based on this Mach number)
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were equal to pressure coefficients measured on the unswept segment at

a free-stream Mach number equal to this normal component. With the use

of the local pressures obtained from these pressure coefficients, the

component of the local Mach number normal to the leading edge was obtained

by assuming isentropic expansion back from the stagnation point in a

direction perpendicular to the leading edge. This normal component was

added vectorially to the tangential component obtained from the relation

M T = M_ sin 75 ° to give values of local Mach number. The values of

local Mach number were then used to obtain local temperatures. The use

of the relation M T = M_ sin 75 ° for obtaining local tangential Mach

number is justified since the resulting local temperatures were of the

same order as the free-stream static temperatures.

A check of this method of determining the swept-segment local

stagnation-line pressures was afforded by the data of reference 8. The

pressure coefficient determined for the stagnation line of the 75 ° swept

segment at a stream Mach number of 1.98 was compared with the reported

cylinder pressure coefficients (ref. 8) for an angle of attack of 15 °.

The value of pressure coefficient of 0.068 thus determined showed good

agreement with the experimental data of reference 8.

As adiabatic wall temperature is a weak function of local temper-

ature, it is not necessary that local temperatures be known precisely

to obtain reasonable accuracy in calculated heat-transfer coefficients.

For this investigation a change of l0 percent in local temperature causes

less than a 2-percent change in free-stream Stanton number. It was

believed that pressure coefficients obtained from unswept-segment data

would yield local temperatures within a 10-percent accuracy and were

thus sufficiently accurate for evaluating Stanton number based on free-

stream conditions. The estimated maximum probable error in the measured

wall temperatures was about 18 °. Calculations using estimated errors

in the various quantities involved in obtaining Stanton number indicate

that the experimental Stanton numbers presented are accurate to within

about 15 percent.

kO

O

Adiabatic Wall Temperature, Wall Heating Rate,

and Heat-Transfer Coefficient

In order to calculate the local values of heat-transfer coefficient,

it was necessary to evaluate local adiabatic wall temperatures. At the

stagnation point on the 0° swept leading-edge segment the temperature

recovery factor was assumed to be unity or Taw = Tt.
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At the stagnation point on the 75° swept segment the adiabatic wall

temperature was obtained by using the expression derived in reference 2

for a yawed cylinder. For a turbulent boundary layer this expression

based on free-stream temperature is

Taw - T_

Tt - T_

0
At points other than the stagnation line of both leading-edge seg-

ments the relation used for calculating Taw was

Taw - T Z = Nprl/3
Tt - TZ

In all cases the Prandtl number was evaluated at the outside surface

tempe rature.

Because of the high heating rates and low thermal conductivity of

the test surfaces of this investigation, it was necessary to consider

the temperature gradient through the skin before determining actual wall

heating rates. The outside-surface temperatures of the leading-edge

segments were calculated from the measured time history of the inside-

wall temperatures by the method described in the appendix. An average

wall-temperature time history was obtained by taking the numerical aver-

age of the outside and inside-surface temperatures and plotting this

value as a function of time. A smooth curve was faired through the

points and the slopes of the tangents to the curve were measured at

intervals of 0.i0 second. These slopes were plotted against time and

a smooth curve was faired through the points. The faired values of the

slope dTw were then used to calculate the wall heating rate by the
dt

relation

dTw

q = pwCwT a7

where Cw was evaluated at the average wall temperature. This gave the

amount of heat per unit area that went into raising the temperature of

the skin. Since the temperature distribution through the wall material

is not a linear function of thickness, a calculation of the wall heating

rates, obtained by using an integrated average wall-temperature history,

was made for the stagnation point of the unswept leading-edge segment



for comparison with the heating rates obtained by using the numerical
average wall-temperature history. The wall heating rate obtained in
this mannerwas found to differ from the value obtained by using the
numerical average wall-temperature history by less than 3 percent at
2.5 seconds. This difference decreased to less than 1 percent at
3.3 seconds.

A calcul&tion was also madeto determine the effect of chordwise
conduction on the local heat-transfer parameters. It was found that
the maximumamount of conduction for both leading-edge segmentswas a
loss of heat from the stagnation points and amountedto 3 percent of
the measuredheat input rates. Inasmuch as this loss occurred at the
highest wall temperature and was considerably less at the lower wall
temperatures, no corrections to the local heat-transfer data were made.
The amount of heat lost by radiation was calculated and found to be
negligible at all surface temperatures existing for this flight.

The local heat-transfer coefficients per unit area were calculated
by the relation

h

1 dTw

Taw - T s _ cw_

kO

0

where T s is the calculated outside surface temperature of the wall.

The average heat-transfer coefficients around the cylindrical por-

tion of the leading-edge segments were evaluated graphically by the

expression

- 1 _ S=O. 562

= I h dS
h _ dS--O

The limit S = 0.562 is the arc length from the stagnation point to

the tangent of the cylinder with the flat portion.

RESULTS AND DISCUSSION

Pressure Distribution

Pressure coefficients measured on the unswept leading-edge segment

are shown in figure 8. Pitot pressure coefficients were calculated for

the flight conditions and are also shown in figure 8. At values of t
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before t = i.O second, the experimental stagnation-pressure coefficients
are somewhatlower than the pitot pressure coefficients. It is possible
that this disagreement was caused by separation occurring on the body
and influencing the pressure on the wing in the region where pressure
measurementswere made. Although measured stagnation-pressure coeffi-
cients in the time range from t = 1.O to t = 2.5 seconds are higher
than pitot pressure coefficients, they are at all points within lO per-
cent of the s_agnation-pressure coefficient which could exist if an
oblique shock wave were present in front of the leading edge. The neg-
ative pressure coefficients measuredon the flat portion of the leading-
edge segment at the earlier times indicate overexpansion of the air
around the leading edge with the sharp rise in the curve probably being
caused by the flow becoming supersonic at this time.

The method of relating local pressures to the 75° swept leadlng-edge
segment as described in the section entitled "Data Reduction" may not be
precisely correct inasmuch as the flow over this swept segment is prob-
ably three dimensional. It is believedj however, that local temperatures
obtained by using these pressures on the swept segment are sufficiently
accurate to evaluate local adiabatic wall temperature. The pressures
which were applied to the swept segment are in the time range from 0.70
to 1.O6 seconds.

Skin Temperatures

The relatively high heating rates of this investigation and low
thermal conductivity of the leading-edge material madethe temperature
gradient through the skin of such magnitude that it had to be considered
in order to determine accurately the heat transfer. Outside Isurface
temperatures calculated by the method described in the appendix are
shownin figures 9 and lO along with the measured inside-surface tem-
peratures. The calculations of the outside-surface temperatures were
started at t =.1.6 seconds. Skin temperatures and heat-transfer data
are not presented for values of t below 2.2 seconds inasmuch as the
skin-temperature variation with time was not of sufficient magnitude to
determine the wall heating rates accurately. Calculated outsi_e-surface
temperatures for each thermocouple on both the 0° and 75° swept segments
are shownas a function of S/D for various free-stream Machnumbers in
figure ll. The dashed portion of the curves for the 75° swept segment
indicates that the thermocouple at the most rearward station was not in
the samechordwise plane as the measurementsindicated by the solid
curve. As expected, the temperature at the stagnation point on the
unswept leadingiedge segment is higher in all cases than at the corre-
sponding point on the 75° swept segment. The temperature of both seg-
ments decreases with increasing chordwise distance and the effects of
sweepangle becomeless pronouncedwith increasing chordwise distance.
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Heat-Transfer Measurements

The heat-transfer data are presented as nondlmensional Stanton num-
ber evaluated at free-stresm conditions. The Stanton n_mber was evaluated

at free-stream conditions rather than at local conditions inasmuch as It

was felt that local flow conditions on the 75° swept segment were not

known precisely enough for this use.

Stanton number for each thermocouple location is shown as a function

of time in figure ]2 for both leading-edge segments. Data are shown for
both inboard and outboard stations at two chordwise locations on the

75 ° swept segment. The deviation between the heating data at the two

stagnation points and at the two _ = 45° points from their respective

mean values is within the quoted experimental accuracy of these data.

kO

O

Average Heat Transfer on Cylindrical

Portions of Leading Edges

An approximation of the average Stanton n_nber for the cylindrical

portions of the leading edges was obtained by integrating the curve

passing through the limited measurements of the local Stanton number.
These values for both the 0° and 75° leading-edge segments are shown as

a function of time in figure 13 and are compared with the theoretical

average heating with a laminar boundary layer. Values of the theoret-

ical average heating were obtained by integrating local values of heat
transfer obtained by using the theory of reference 4. Since these exper-

imental data were so much higher than the values predicted by laminar

theory, it was believed that the boundary layer over the leading edges
was of a turbulent nature. In order to investigate this eventuality the

approximate theory proposed by Beckwith (ref. 6) was used to evaluate

the theoretical average turbulent heat transfer for the unswept leading-

edge segment. Comparison of this theoretical prediction with the meas-

ured average Stanton numbers for the unswept segment is made in fig-

ure 13(a), and it is seen that the data show reasonably good agreement
with the theoretical curve after a time of about 2.6 seconds. Prior

to 2.6 seconds it appears that the flow on the unswept segment was of

a transitional nature.

Since Beckwith's approximate theory is limited to cases for which

the Mach number component normal to the lea_ing edge is supersonic,

another approach had to be resorted to for evaluating the theoretical

average turbulent heat transfer for the 7_° swept leadlng-edge segment.
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This consisted simply of the evaluation of the local turbulent flat-plate

heat-transfer coefficient# around the cylindrical portion of the leading

edge, for the calculated local streamwise-flow conditions and integration

of the resulting distribution for an average value. Heat-transfer coef-

ficients for a flat plate with a turbulent boundary layer were obtained

from references 9 and lO with a value of 0.6 being assumed for the ratio

of Stanton number to skin-frictlon coefficient. Local pressures for the

swept leading edge were obtained from faired pressure distributions#

determined from the unswept experimental pressure data as explained in

the section entitled "Data Reduction." Local flow conditions were esti-

mated by use of these pressure data in conjunction with the total pres-

sure resulting behind an oblique shock induced by a conical surface with

a 15 ° semivertex angle. The streamwise distance from the stagnation

point to the point in question was used for calculating the local Reynolds

number. A comparison of the measured average Stanton numbers for the

75 ° swept leading edge with this theoretical average turbulent prediction

is also included in figure 13(b), and it is seen that the agreement is

quite good. The fact that the average data for the cylindrical portions

of both the 0 ° and 75 ° swept segments agree so well with the theoretical

predictions for a turbulent boundary layer substantiates the fact that

the flow over the leading edges was turbulent. Comparison of the average

measured heating on the swept and unswept leading edges (fig. 13) indi-

cates that after 2.6 seconds the heating of the unswept segment is about

twice that of the swept segment.

Local Heat Transfer

The experimental heat-transfer data for the two measuring stations

on the flat portion of the unswept leading-edge segment are shown in

figures 14(a) and 14(b) and are compared with predicted values of both

laminar and turbulent flat-plate theories. The laminar theory used is

that found in reference ll and the turbulent predictions were obtained

by using the Van Driest theory (refs. 9 and 10) with a value of 0.6

being assumed for the ratio of Stanton number to skin-frictlon coeffi-

cient. Except for the interval between 2.2 to 2.5 seconds for the for-

ward measuring point (C = 0.50 in.) this comparison (fig. 14(a)) shows

very good agreement between the data of both measuring points and the

predictions of the turbulent flat-plate theory and lends further cre-

dence to the fact that the flow over the cylindrical portion of this

segment was turbulent. In the interval from 2.2 to 2.5 seconds the

comparison shows transitional flow at the forward measuring point

(C = 0.50 in.) which is compatible with the interval of transitional

flow on the cylindrical portion of the segment, observed from the data

of figure 13(a). The experimental heat-transfer data for the two meas-

uring stations on the flat portion of the 75 ° swept leading-edge segment

are shown in figures 14(c) and 14(d) and are compared with the heat
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transfer predicted by laminar and turbulent flat-plate theories. The
theories are the sameones used for the unswept segmentwith the stream-
wise distance from the stagnation point to the station in question being
used for calculating the local Reynolds number. The experimental heat-
transfer data at station C = O.50 inch are somewhatlower than the
values predicted by turbulent theory, while good agreement is shown
between experiment and turbulent theory at station C = 1.O0 inch.

The experimental heating data are summarized in figure 15 by replot-
ting the experimental Stanton numbersas a function of the nondimensional
distance S/D for several times of the flight test. Determination of
the local theoretical values shownhas been previously discussed with
the exception of the theoretical turbulent heating of the cylindrical
portion of the unswept leading edge. These values were obtained in the
samemanner as were the turbulent predictions for the cylindrical portion
of the swept leading edge - that is, the evaluation of the local turbu-
lent flat-plate heat transfer corresponding to the calculated local con-
ditions. For the purpose of clarity the theoretical predictions are
shownas bands rather than the individual curves for each particular
time, with each band being determined by the extreme values predicted
for the range of time from 2.20 to 3.50 seconds. In figure 1}(a) it is
clearly seen that the measureddata for the unswept segmentare consid-
erably higher than the predictions of the laminar theory and only at the
earlier time of 2.2 seconds does the flow appear to have been transitional
on the forward part of the segment. The measuredstagnation-point values
which would ordinarily be expected to agree with the predictions of lam-

inar theory are generally about twice as great as the laminar theory.

Comparison of the measured cylinder values with the predictions of the

flat-plate theory does not afford very good correlation with regard to

the individual values, possibly because of the extension of the theory

beyond its intended usage. However, it is interesting to note that the

average heat transfer to the cylinder would be predicted fairly well by

this theory, at least for this case. In figure 15(b) the experimental

data for the 75 ° swept segment are shown to be of a turbulent level at

all times for which the data are presented. The measured stagnation-

point values are of the order of three times as great as those predicted

by laminar theory. There is generally good agreement between the tur-

bulent theory and experiment in both trend and magnitude. It is worthy

of note that the predictions of the flat-plate theory of the heating to

the cylindrical portions of the leading edges show much better agreement

with experiment in the case of the swept leading edge than in the case

of the unswept leading edge.

In view of the results of Beckwith and Gallagher (ref. 6) which

showed the effect of yaw angle on boundary-layer transition on cylinders,

the higher than laminar level of heating observed on the 75° swept

leadlng-edge segment is not surprising; however, the reason for turbulent

_D

O
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flow over the 0° swept segment is not clear from the limited measurements

made on the model. It is believed, however, that, since the measurements

were made at a point of only 1.25 inches from the body, the flow on the

leading edge could have been influenced by conditions existing in the

body boundary layer. For the period of time of the data presentation

(2.2 seconds to 3.3 seconds) the Reynolds number for the body at the

leading-edge--body Juncture varied from 45.51 x l06 to 66.71 X lO 6 and

the body boundary-layer thickness was estimated to range from 0.46 to

0.50 inch. With these conditions prevailing, it is possible that inter-

action between the bow shock ahead of the leading edge and the thick

turbulent boundary layer of the body could have increased the heating

rate of the leading edge to the turbulent level.

It is recognized that, because of the large leading-edge diameter

and the small span of the leading-edge segments, the flow in the vicinity

of a full-scale wing-body Juncture may not have necessarily been dupli-

cated by this test. The data do indicate, however, that heat-transfer

rates considerably higher than would be encountered by a wing leading

edge with laminar flow in an undisturbed flow field are possible in the

region of the wing-body Juncture.

CONCLUSIONS

A flight investigation has been conducted to study the heat transfer

to 0 ° and 75 ° swept leading-edge segments in the vicinity of the wing-

body juncture. Data were obtained for a Mach number range from 1.90

to 3.07 and for a Reynolds number range based on leading-edge diameter

from 8.05 x lO 5 to ll.80 x 105. The following pertinent conclusions are

drawn from the results :

1. Comparison of the average measured heat transfer to the cylin-

drical portions of both the 0° and 75 ° swept leading-edge segments with

theoretical predictions of the average turbulent heat transfer showed

reasonably good agreement; this agreement indicated that the flow on

the leading edges was for the most part turbulent. It is believed that

the high level of heating observed on the leading edges was due to the

influence of conditions existing in the body boundary layer.

2. Comparison of the average measured heat transfer to the 0 ° and 75 °

swept leading edges indicates that the heat transfer to the unswept seg-

ment was generally about twice that to the swept segment.

3. Measurements at the stagnation points of the leading-edge seg-

ments indicated that for the unswept segment the heat transfer was
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approximately two times as great and for the V_° swept segment the heat
transfer was of the order of three times as great as that predicted by

laminar theory.

4. Even though exact simulation of the flow field at the wing-body

Juncture may not have been provided by the short leading-edge segments,
the data do indicate that heat-transfer rates considerably higher than

would be encountered by a wing leading edge with laminar flow are pos-

sible in the region of the wing-body Juncture.

Langley Aeronautical Laboratory,
National Advisory Committee for Aeronautics,

Langley Field, Va., January 6, 1998.
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APPENDIX

METHOD OF CALCULATING WALL TEMPERATURE GRADIENTS

O

Oh

Outside-surface temperatures of the wing leading-edge segments were

calculated from measured inside-surface temperatures by assuming one-

dimensional heat conduction through the wall• These calculations were

based on the method of Dusinberre as found in reference 12. For the

computation of the outside-surface temperatures the wall was analytically

divided into a number of elements of equal thickness and heat-balance

equations were written for each element. The following sketch shows the

elements of a typical cross section of the leading edge:

Front

surface_

Q _ •

L
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• • •
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I I .
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_/J--sur face

!
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In setting up the heat-balance equations for calculating temperatures

the following assumptions are made:

(1) The temperature of each element is uniform.

(2) An element gains heat only by one-dimensional conduction from

adjacent elements.

(3) For the inside-surface element the heat gained or lost by radia-

tion and convection is small and, therefore, can be neglected.
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The condition stipulated by a heat-balance equation for an element

is that the difference between the heat gained and the heat lost by con-

duction or other means is equal to the heat stored in the element. The

heat gained or lost by conduction per unit time is by Fourier's law of

one-dimensional heat conduction

Q = kA d__T
dX

and the heat stored in an element per unit time of volume

Q = v0wc w
dt

v is

_O

O

This gives as a heat-balance equation for a typical element, such as

number 5,

dT
VOwCw _ = Qin - Qout

or

dT5 kA(T4-Ts) kA(T6 - TS)
v0wcw dt - L + L

The temperature rise of this element during the time At is then

= _kA(T4 wj5)+Lvlow kA(T6- TS)_Zkt
Z_T9

c V0wCwL

This equation can be solved for T4 and the result is

v_cwL
T4 - AT 5 + 2T 5 - T 6

kA At

where cw and k are evaluated at T5. The temperature equation of

each element can be written in the same manner:
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TIO = Known

VOwCwL ATIO + TIO
T9 -kAAt

D

v_owL

T8 - AT 9 + 2T 9 - TIO
kAAt

¥ P wCwl-]
TI = AT 2 + 2T 2 - T3

k_ At

The values used for inside-surface temperature are average values over

the time interval.

As the temperature increases in going from element i0 to element i,

any scatter in the temperature values of element i0 used becomes magni-

fied in the calculated temperatures of the other elements. The amount

of scatter that can be tolerated depends on the number of elements into

which the wall is divided and on the actual temperature gradient across

the wall. For the calculation made for this report it was necessary to

use values of TIO and AT]O to the nearest 0.i o. The necessary pre-

cision was obtained by plotting TI0 as a function of time and evaluating

ATIO at intervals of 0.05 second. These values were then plotted as a

function of time to a large scale and faired by a smooth curve. The new

values of 2_TIo were then added successively to the values of TIO ,

starting with the value that exists at the time of zero temperature gra-

v_%L
dient through the skin. The function was expressed as an ana-

kA At

lytical function of temperature and with the values of Tlo the tempera-

tures of each element were calculated by an IBM 650 Digital Computer.

Figures 9 and l0 show the calculated outside-surface temperatures obtained

by using this method.



18

REFERENCES

I. Reshotko, Eli, and Cohen, Clarence B.: Heat Transfer at the Forward

Stagnation Point of Blunt Bodies. NACA TN 3513, 1955.

2. Reshotko, Eli: Heat Transfer to a Yawed Infinite Cylinder in Com-

pressible Flow. 1996 Heat Transfer and Fluid Mechanics Inst.,

Stanford Univ. (Stanford, Calif.), June 21-23, 1956, pp. 205-220.

3. Beckwith, Ivan E.: Theoretical Investigation of Laminar Heat Transfer

on Yawed Infinite Cylinders in Supersonic Flow and a Comparison With

Experimental Data. NACAI_4L95F09, 1955.

4. Goodwin, Glen, Creager, Marcus 0., and Winkler, Ernest L.: Investiga-

tion of Local Heat-Transfer and Pressure Drag Characteristics of a

Yawed Circular Cylinder at Supersonic Speeds. NACA RMA99H31 , 1996.

5. Feller, William V.: Investigation of Equilibrium Temperatures and

Average Laminar Heat-Transfer Coefficients for the Front Half of

Swept Circular Cylinders at a Mach Number of 6.9. NACA RM L95F08a,

1955.

6. Beckwith, Ivan E., and Gallagher, James J.: Experimental Investigation

of the Effect of Boundary-Layer Transition on the Average Heat Trans-

fer to a Yawed Cylinder in Supersonic Flow. NACA RM L96E09, 1956.

7- Rumsey, Charles B., and Lee, Dorothy B.: Measurements of Aerodynamic

Heat Transfer and Boundary-Layer Transition on a 15 ° Cone in Free

Flight at Supersonic Mach Numbers Up to 5.2. NASA TN D-888, 1961.

(Supersedes NACA RM L56F26.)

8. Perkins, Edward W., and Kuehn, Donald M.: Comparison of the Experi-

mental and Theoretical Distributions of Lift on a Slender Inclined

Bod_ of Revolution at M = 2. NACA TN 3715, 1956. (Supersedes

NACA RM AO3EO1. )

9. VauDriest, E. R.: The Turbulent Boundary Layer for Compressible

Fluids on a Flat Plate With Heat Transfer. Rep. No. AL-997, North

American Aviation, Inc., Jan. 27, 1950.

i0. Van Driest, E. R.: The Turbulent Boundary Layer With Variable Prandtl

Number. Rep. No. AL-191_, North American Aviation, Inc., Apr. 2,

1954.

ii. Van Driest, E. R.: Investigation of Laminar Boundary Layer in Com-

pressible Fluids Using the Crocco Method. NACA TN 2597, 1992.

L

1

9

7
0



19

12. McAdams, William H. : Heat Transmission. Third ed., McGraw-Hill

Book Co., Inc., 1954, p. 44.

o
b-



2O

o

Io

o

0
_D

m

!
_E

CD.

v

J

J

v

•_-I-I_

_+_
0 0

0
._I

o
,--I _a

•r-t _

.r-I

_ 0
-r--I

4-_

0

I

._

7_

--,1
0



21

O

0_

0
_D
c_J

a_

o
°_

c_
_0

,_

tQ

orl

r-4

0

!

c_



22

A

2oo_L

1.50-----_ _C

• 45° _" KN 4.270 I

Z Fuselege well
Section A-A

(0) 0 ° Swept segment.

Section B- B 2 07

_" 75° Secti°n_ ---'-_ _'-- _05

J___- . __-._ _ _

(b) 75 ° Swept segment.

Note: • Thermocouples

I-'
_4D
-4
0

Figure 5.- Sketch of wing leading-edge segments showing thermocouple

locations. All dimensions are in inches unless otherwise noted.



23

0
0
0

o

e
0
Q

O

!

c
0

°l

Q_
(/)

r_

o

Q_
I,

Q_

OL

!

_Q

Q_

P4

_q

r_
r_

Q_
oQ •

r_

°_

•r_ r--I
t_

CH
-I_ °_-I

_Q

c_
Q

!

Q_

°_



24

I
I
I

i--i

_o

Figure _.- Model and boosters on launcher. L-9_364



25

0
b--
O_
,-4

o
o
o

0

o
o0

0

&
E
.g

,-4

@
o

o

©

4-}

©

0
.r-I

-0
ul

©

m 0

_ 0

p4 *r-_

.r-I

©

4-_
r/l

4-_

I

I

(9

b_



26

O3

Od

I

.r-I
_d

¢)

!

*H

o

_d

_8
,Q

v

_d

o

¢J

k
-p

I

!

°t-I

F_
xD
--.1
0



27

o
b-,,-

,--I
4

-i,-

0

"- 8
0
0

0

-3
1/)

13_

L:!
2.0-

TI•

7!
!i-:

1.2 ,_
L+=

::W

:12

-.4

m
-.8 ;

2

-1.2 _
0

!i_i!!

L-i

:2.

:h

:11

:;T

:=:

m

:=
:=

2_

.kk

r

:= =: tti

i:.__i_ L_

_i +-E+=-

;! Z _i

'-- '4

i= ;_ x;

.,-_

12

Figure 8.- Pressure coefficient for the unswept leading-edge segment.



28

500 =_ Th

.-o°_"40o i

_ 300
E

N 200 ,_ 2_
ttT

It;!

C _'_

2.2

.+,-4

Outside surface

24

: :, _L.

2.8 3.0 3.2
Time, sec

(a) Stagnation point, S/D = 0.

Y
kid
-4
O

400 i _
H!!

, F_

_oo i_

,oo! __:_
ifi

0 _' "

2.2

(b) ¢ = 450; S/D = 0.592.

Figure 9.- Unswept-leading-edge-segment temperatures.



29

O
b.--

,-t

Li_

O

E

O

4OO

3OO

2OO

I00

:i:!,i!!__!i= iHiiiilliliillil}i!_

_t_: Outside su face (calculated)___;;t

__ '_i _:+_lns,de surface (measured)

:il:::;ii::: ;Ill _:t_/ ,+_i _ ',llll;illl',l',lll I I',_I;:_.+_J_HH_I _iIIiIII If<, <,l<,l_

2.4 2.6 2.8 30 3.2 34

Time, sac

(c) C = 0.50 inch; S/D = 0.955.

(D

O

_D

E

O

400 :;

H_

!!!

I00 _

2.2

iiL ........_!_"--:= '.............ii _ __,_ -_

ttrHTirH7i ..... HF '_ ........

++::I:.+:::; f ::::_ ::+: _:++l _- _, -, , _17t

t7 Outside surface icaicO'l"afedii_ __t_

" I III'I'I I', ]II ÷H_tH77tt_}77_17J_ _PI _]_II ..................

2.4 2.6 2.8 3.0 3.2

Time, sec

(d) C = 1.00 inch; S/D = 1.b23.

: +:+"

3.4

Figure 9.- Concluded.



3o

il
0 .

P

E

B

400;

300

2oo I_
TH

,oo _

0 II

2.2

H+ -t'<H

iii _,i',

@

2.8 3.0 3,2 34
Time, sec

_O
-4
0

LI_
0

.=
a
o.
E
(l)
-i--

o

4001 _ '=_'7

_oo _ _

,oo_ _
!t! iiiiiii

_t! ! ;[i_,J

0
2.2

(a) Stagnation point, S/D = O.

.a ."C}

it++

2+ ;_;;
t4_ iLt_
+"+.t:T7

L_
+_+ Dotted lines denoteiiiiiiii!!!!!H!!!iiiiiiiiiiiiiiiiill

HtlitI!IIIIIII.IIIIII]I:IIIIII]IIIIII
_ I inboord station iiiiiilN!!iiiiiiiiiiiiiiilHii[iiii[
_:I: ++++ tlH]IIIIII£1111HII;IIIIIIIIHIflTIIl _'t,,, i_;!tl!llili;_ilii[ii[_iill!llliill ..... ,,..,,_.,. .................. _,

_ _t_._.ti,','_,'_i!!i!iiiiill iiiiiiiiiiiiiiiiiiiiiiiiiiiii!iiiiill_+b_I_IEii[NII[NI!! ilHiiiiii!iii!!!!!i]iiiiii:-iiiiii!!
Outside surfoce

_i iii

.4

_iHiliNl

IHIIII',II

iil l:,J:::[',I

iiiiii_

2.6

Time, sec

1.4

(b) I = 450; S/D = 0._92.

Figure i0.- 75° swept-leadingledge-segment temperatures.



31

0
b-

IL
0

D

0
L
g)

r_

E

Z

O

0

Q.

E

0

400

3OO

2OO

I00

0
2.2 2.8 3.0 3.2 3.4

Time,sec

(c) C = 0.50 inch; S/D = 0.955.

400

(d) C = 1.00 inch; S/D = 1.623.

Figure I0.- Concluded.



32

h

el.
E
#

5OO

2O0

hF

_i::,'t:_ Uii i;_ ................ 2.47

_r_H

P_t' _*'[ ,'!H t#,,2"_ **t-P_!

0 :;:!: :v,:[!HiliT. iF!
0

_., ii_ ;.iii I_ ......... ::;:_:_:_m;:

h::il...._:i:i!'._,:il_!!i.... ::_::,_: ".... :,,• !;;r::::;;;r ;_.,,,it!i::m:{mi{H:_:._!_i!_i_!
•8 1.2 1.6 2.0

S/D

(a) A = 0 °.

h
0

R

E

400

300

200

.; !i!lm!:i!: Solid symbols denote stohons not _
:i_i mii_:;_i! n measuring plane perpendiculflrfoLd

i!;i;,!iii.li::ii_i leoding edge
" ? : : : : :: _ :] _ T ;;T" TV ; ;" _ .... _ '

.... t ....... ],,, : _ , , +.....

i#:_S;Ei[iti:::ii::!iiii<i '*_ i_':,__: M
......i:_..... '"' T " 3.0

_,..,_H_,__n 2.e

::;[
:3i: :N[

.. _
_ UH

IOC

c :! ; iii! _!_.
O .8

,.__0 2.6

__ A 2..4

,l:I..,__,2.0

t
3.19
2.99

2.81

2.63

2.47

2.29

1.2 1.6 2.0
S/D

(b) A = 75°.

<o
-q
o

Figure ll.- Chordwise distribution of outside-surface temperature.



3N

33

O
b-

,-{

50 xlO- 4

IO

O_ _
22 2.4

L_

[] I I

©

2.6 2.8 3.0 3.2

Time, sec

34

(a) A = o°.

8

U3
Z

E

c
(D

Time, s e i:::

3A

(b) A = 75°.

Figure 12.- Measured Stanton number for both the 0° and 75 ° swept

leading-edge segments.



34

8

IZ

.o

E
:)

l-

r"
O
.t-
I-

co

4)

4)

<_

40×10 -4

_. ..

lo

2.2

H_

2.4

_:_ ,_,.

_4_-

' -_ ........ _...... "_' i_

_-_ Turbulent theory (ref. 6)

_ Laminar theory (ref. 4) i_._
._:_+_:__ i.._,:::_

2,6 2.8 3,0 3.2 3.4

Time, sec

(a) A = o°.

Y
_0

g

4)

E

IZ

t-
O

4)

4)

30x I0- 4

...... Turbulentflat-platetheory (refs.9 and IO)

..... Laminar theory (ref.4)

lllIIilIlllllillllIIl'llIllIIMl
;ii IIIH ',;':ilIll llll: IIIIllII'II hl

2.2

)iiii!!!!!!!!!H!!!I!!!!illlIIII
III]_IIMI:IIIIIIIIIIIIIIIIIIII

H-I-.HIII;II;I.;;;:III]IIIIIIIIII;

ii}iiiiiiiiiiiiiiiiiiiiiiiiiiiii
::::::::::::::::::::::::::::::::
!Ir,_,,H,,,, .... :_:-_:1 _

_iiiii_iiiiiiiiiiiiiii
HHIII_II:I_IIIII_IIIIIIIH:II:

_!_iiii!!!!!i!!iiiiiiii

2.4

_I¢_I_II_:I_IIU_I_:T1_I_I_I_1_MI_i_H_

_iiH_H_iiIiII_II_I!i_iiiIIIiIIIIiii_i!_iiIiiII!iIiIi_iiii_iiI_iii_i_Ii_iIi

iiii_iiiiiiiii!iiiiiiiiiiiiiHiiiiiiiiii!!!!iiiiiiiii!!!!!:!_iiiiiiiiiiliiiiiii
i::::_::i_:i:::i:_: ::::::::::::::::::::::::::: i i iiiiiiiiiiii,i_

IlII:IIMIIIIIIIIIIII,;II!I_MIIII ............. :4 .... fill l) ...........
!_:I::IIkl-lll!l]lillll]lllHIIIl[llHIll:Ill|H;1]]:li .... i,.:....;i.II:;::[:lilI]-i

: :I_HIHIIIIIIIIIIIIII[T:_III:_II_III_IIII_IIlI_I:I111I_;III!_:II_II

_I_I+HkI-_`H_I_I_I_I_II_I_I1I_IiII_I_I_i_ _

2.6 2 .8 :3.0 3.2 3.4
Time, sec

(b) A : 75°.

Figure 15.- Comparison of experimental

averaged around cylindrical portion

edge segments.

and theoretical $tanton numbers

of the 0° and 75° swept leading-



35

O_
r-I

8

03
Z

G)
.a

E

(1.
O

¢-
0

0o

8

o')
Z

E

I-

(::
0

Ill
0

03

30xlO _4

....... _,,,_ .... _,_ _:_ HH+bH_Hq_,_L_+HH-H- H_ -q-_-_, H_ ......................... [Ib_ _H_l_

[ l ]:_[[ _ _ I I j ]jl_l_ _r-I ! [I ! ] l "i ] J !' [ :_ ] r f .... ]_[1}[[fif if] ] /it[Ill} I I ] l

i0 ( !_ 0 Experiment

* ....... Turbulent flat-plate theory (refs 9 and I0]

..... Laminarf at-p ate !  eory(ref.

2.2 24 2.6 2.8 3,0 3,2 5.4
Time,sec

(a) A = 0°; C = 0.50 inch.

50x10-4

._

0 Experiment fheory (refs. 9 and I0)Turbulent flat- plate

Laminar flat-plate theory (ref. II)

ITT!I ..... ; ................................... .:,

..... H 1_ ..... !!_", i I}] t- _-b. . ....... tt_,±

2.2 2.4 2.6 2.8 5.0

Time, sec

:LF

*Hi

.i£J_

_ztt

3.2 5.4

(b) A = 0°; C = i.O0 inch.

Figure 14.- Comparison of experimental and theoretical Stanton numbers

at two stations on the flat of the 0° and 75 ° swept leading-edge

segments.



36

8
co

Z

a)
JEI

E

f-

t-
O

t-
O
4--

30xi0-4

2O

E xperimenf

Turbulent flot-plofe theory (refs. 9 ond I0)

Lominor riot- plote theory (ref. II)

:!

ii_

_r

_L

o
2.2 2.4 2.6 2.8 3.0 3.2 3.4

0

Time,see

(c) A = 750; C = 0.50 inch.

V
kO

O

8

CO
Z

o_

E

r-

f-
o

t-
O
-e-

CO

30x10 -4

O Experiment

..... Turbulenl flot-plofe _heory (refs. 9 ond I0)
-_ Lominor flot-plofe fheory (ref. ll)

2O ;5

_iiiiiiiiiiiiiiii_,,lliiiiiiiiiiiiii i iiiiiiii_iiiiiill iiiii_i_-_,_I
__!_!!m-'!,'!,._.-!!_',""'!!_i'_ii_iiiii',ii_iiiiii!!!!!!!!!!!!!!!!!iiiiill !i ii iiiiiii'_

__ ...... _,,,_-_....... _._,-_,._,,_H_,_ _ _
i t_wFt_H-f+_ _I I '- I{ i i _ _I I I I H __I ',',',',',I ' I _',',i ',' I,,_3 ',',; I ITF',,_' ..... I--,"7 ........ ..," ...........
,v _HI_ -" Lii]l_lll|lljl|lill ' , ' _HIH-_fi-i-I-M'I'_ I_

IH_L_H-III|'. _`_L_H'J_i_'`'`''''_'`'_'_H._-H-HH_''_''```_'''_''_'_`_]'`'`'_'_''=_'_'_''''_'_ It','.',II]IHI,............................. , ...................... H_I ,H_I_-H_÷__IIIIIIIIlIIII+IH-IH+I+FH-H-F ' ,' ' tT_ll{lill',ll',lllll-']l', ,,,'. ....... i,
I_L_4+H-I+H-I-I-H+_iH_H4ffHPI_III]]',II' I|IIII' i _H+I-H:_a+H-_H-IH-IILL] ill',liliPl+_P_-_i+[_._

2.2 2.4 2.6 2.8 3.0 3.2 3.4

Time, sec

(d) A = 750; C = 1.00 inch.

Figure 14.- Concluded.



57

0

0"_
,-I

!

o_
X
0
_D

0 0 0 0 0 0

n

0

i

o

,-I

.r.I

o

4-_

%
II ,--t

_ •

o

o

rj

I

,-t

.r-t
Nt

oo' J'SN ' Jaqwnu uo,tuo.lS



38

o

a II

¢J

o
c.)

i

.r-I

h.J

-4
O

ao 'Ij, SN 'Jaqwnu UO_UDj,S

0 0 o

NASA-Langley, 1962 L-1970


